It is believed that replication capacity is an important determinant of human immunodeficiency virus type 1 (HIV-1) pathogenicity and transmissibility. To explore this, we conducted a comprehensive analysis of the replication properties of nine drug-resistant and nine drug-susceptible viral isolates derived from patients with primary HIV-1 infection. Viral isolates were tested for single-cycle infectivity in the GHOST cell line. The infectivity of isolates carrying resistance-associated mutations was significantly higher than that of drugsusceptible isolates. Additionally, the growth kinetics of these isolates were determined in CD4 ؉ T lymphocytes. Drug-resistant isolates replicated as well as drug-susceptible viruses. Insertion of the resistanceconferring regions into an NL4-3-based molecular background resulted in chimeras that displayed a modest but significant reduction in replication capacity compared to the drug-susceptible chimeric viruses. Of note, two multidrug-resistant isolates and one protease inhibitor-resistant isolate displayed higher rates of infectivity and growth kinetics than the other drug-resistant or drug-susceptible isolates. These distinct replicative features, however, were not seen in the corresponding chimeras, indicating that changes within the C-terminal region of Gag as well as within the protease and reverse transcriptase genes contribute to but are not sufficient for the level of compensatory adaptation observed. These findings suggest that some drug-resistant viruses isolated during primary infection possess unique adaptive changes that allow for both high viral replication capacity and resistance to one or more classes of antiretroviral drugs. Further studies are needed to elucidate the precise regions that are essential for these characteristics.
The clinical benefits of antiretroviral treatment are limited by the selection of drug-resistant human immunodeficiency virus type 1 (HIV-1) strains during therapy (38) . A recent U.S. survey reported that up to 70% of patients with detectable plasma viremia harbor drug-resistant viral variants (D. Richman, S. Bozzette, S. Morton, S. Chien, T. Wrin, K. Dawson, and N. Hellmann, Abstr. 41st Intersci. Conf. Antimicrob. Agents Chemother., abstr. LB-17, 2001 ). In contrast, the observed frequency of drug resistance in newly infected individuals is 5 to 10 times lower (range of 6 to 20% in countries with broad access to treatment [5, 18, 25, 26, 41, 42, 46] ). The discrepancy between the prevalence of drug-resistant variants in the treated HIV-1-positive population and the observed transmission rate may in part be attributed to the impaired replication capacity (RC) of the drug-resistant variants (4) . Several studies indicate that drug-resistant variants in the setting of chronic disease generally display replication deficiencies. First, drug-susceptible variants in vivo rapidly outgrow the drug-resistant viral quasispecies in the absence of selective pressure (i.e., discontinuation of treatment) (20, 21) . Second, a number of in vitro studies have demonstrated that primary resistance-associated substitutions in protease (PR) and reverse transcriptase (RT) genes reduce the overall performance of the mutated viral enzymes (1, 2, 8, 10, 15, 34) . It has also been shown that the impairment resulting from these defects depends on both the position of the mutation and the genetic viral background (13, 17) . Ongoing viral replication in the presence of antiretroviral drugs can select for variants carrying additional compensatory substitutions that partially rescue the drug resistance-associated replication defects. These adaptive changes can be found in PR and RT (6) , p6
gag (35) , and regions distal to (16) or within (9, 29, 30, 40, 48) the Gag cleavage sites.
HIV-1 transmission represents a selective evolutionary bottleneck. Although it remains unclear whether a single viral species or viral quasispecies are initially transmitted by sexual contact (24, 28) and to what extent gender influences viral heterogeneity (27) , the viral population present during early primary infection in males is likely to be homogeneous, whether it is drug susceptible or drug resistant. Detection of drug-resistant variants in patients with acute primary infection implies that these viruses possess replication characteristics that allow them to ultimately establish themselves as the dominant viral population in a drug-free environment. Indeed, in the rhesus macaque model, viruses (e.g., simian immunodeficiency virus or simian/human immunodeficiency virus) with higher RC were found to be more efficiently transmitted by the vaginal route (31) . In humans, the risk of transmission was associated with the level of plasma viremia (19) , although no direct relation between variation in viral RC and plasma viremia has been established.
Due to the inherent difficulties in identifying individuals during early primary HIV-1 infection who harbor drug-resistant viruses, our present knowledge of the replicative capacity of these viruses is limited. This is especially true for viruses with resistance to two or three drug classes (multidrug resistance [MDR] ) that have been transmitted to a new host. A better understanding of the properties of these viruses is, however, of great clinical relevance, since it will allow us to define their mode of spread and to design appropriate therapeutic strategies. Here we have evaluated the replication characteristics (i.e., single-cycle infectivity, growth kinetics, and Gag protein processing) of 18 viral isolates with or without drug resistance. Viral isolates were generated from samples obtained 10 to 79 days (median, 21 days) after onset of symptoms. In addition, we have studied two pairs of epidemiologically related, transmitted drug-resistant isolates in order to analyze the replication characteristics associated with sequential transmission of drug-resistant variants.
MATERIALS AND METHODS
Patient population. Primary viral isolates were cultured from 18 patients who were identified as having been newly infected with HIV-1. The median time between onset of symptoms compatible with acute retroviral syndrome and sample collection was 21 days (range, 10 to 79 days; for two patients [MDR3 and WT8], documentation was not available). The clinical findings for newly infected individuals with drug-susceptible HIV-1 were comparable to the findings for patients infected with drug-resistant viruses (plasma viremia, P ϭ 0.16; absolute CD4 ϩ cell numbers, P ϭ 0.55; and CD4 ϩ /CD8 ϩ T-lymphocyte ratio, P ϭ 0.29 [ Table 1] ). Transmission occurred sexually in all subjects (all were homosexual males except WT2, who was a heterosexual female). Pretreatment genotypic and phenotypic drug resistance data were available for all patients. Data for a subset of these patients have been reported previously (5, 42) . Written informed consent was obtained from all subjects, and human experimentation guidelines of The Rockefeller University Institutional Review Board were followed.
Cells. Human osteosarcoma cells that stably express CD4 and the chemokine receptor CXCR4 or CCR5 and also carry the green fluorescent protein (GFP) gene under the transcriptional control of the HIV-2 long terminal repeat [GHOST(3) HIV indicator cells] were obtained from V. N. KewalRamani and D. R. Littman through the National Institutes of Health (NIH) AIDS Research and Reference Reagent Program (32) . Cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 100 g of penicillin-streptomycin per ml, 2.3 mg of HEPES per ml, 1 g of puromycin per ml, 500 g of G418 per ml, and 100 g of hygromycin per ml.
Human peripheral blood mononuclear cells (PBMC) were obtained by Ficoll density centrifugation. Enrichment for CD4 ϩ cells was subsequently performed by depletion of CD8 ϩ cells with M450 CD8 Dynabeads (Dynal AS, Oslo, Norway) according to the manufacturer's recommendations. Cells were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum, 100 g of penicillin-streptomycin per ml, 2.3 mg of HEPES per ml, and 20U of recombinant interleukin-2 per ml.
Primary viral isolates. Viral stocks were obtained by cocultivation of patient PBMC with phytohemagglutinin (PHA)-stimulated HIV-1-negative donor PBMC. Cultures were monitored for p24 antigen production by using a commercially available enzyme-linked immunosorbent assay (ELISA) (HIV-1 p24 antigen assay; Coulter, Miami, Fla.). Culture supernatants were filtered (0.2-mpore-size filter) and stored at Ϫ70°C until further use. Viral stocks of drug- Assessment of infectivity. The infectivity of primary viral isolates was assessed in a single-cycle infectivity assay with GHOST(3)-CCR5 cells as described by Bleiber et al. (3) with the following modifications. A total of 4 ϫ 10 4 cells (preincubated with 20 g of Polybrene per ml for 1 h) were infected in duplicate with 2 ng of p24 antigen equivalent of virus by using the spinoculation technique (3 h at 168 ϫ g and 22°C). A positive control (NL/JRFL [47] ) and negative control were included in each experiment to assess interassay variation and cell autofluorescence. The proportion of GFP-expressing cells determined by fluorescence-activated cell sorting at 24 h postinfection was used as a measure of infectivity.
Assessment of growth kinetics. HIV-1-negative CD4 ϩ enriched cells were stimulated for 48 to 72 h with 1 g of PHA per ml, and 10 6 cells were infected overnight with 2 ng of p24 antigen equivalent of each viral isolate, washed, and resuspended in complete medium supplemented with recombinant interleukin-2. All infections were performed in duplicate on cells from the same donor and then repeated with PBMC from a second donor. Aliquots of virus supernatant were collected every 3 to 4 days and monitored for p24 antigen production over 21 days with a commercially available ELISA (Coulter).
The individual growth kinetics for each virus were addressed mathematically by using the logistic growth law (33) , which is based on a prey-predator model of population dynamics. This law states that the rate of growth depends on the number of virions (R) and becomes lower as this number of virions reaches some maximum, designated R max . The equation for logistic growth is dR/dt ϭ gR[1 Ϫ (R/R max )], where R is the number of virions, g is the growth rate, and R max is the carrying capacity or maximum population size. For this reason, this equation is also known as the saturation law. Using nonlinear least squares to fit the number of virions (proportional to the concentration of p24, expressed in picograms per milliliter) to this equation, we estimated the parameter growth (day Ϫ1 ) for each virus. In this equation the parameter growth is indicative of how fast the number of virions increases in the earlier dynamics of viral replication, and exhaustion of target cells can therefore be neglected. Since we have two independent growth kinetics determined in duplicate on different PBMC donors for each viral isolate, the growth rate of each virus is given as the mean of the two estimates. Early data points below 80 pg of p24 antigen per ml were treated as censored data. The 95% confidence interval of the mean estimates was obtained from the cumulative distribution of the estimates computed by bootstrapping the residuals between the uncensored data and the theoretical values for both replicates. The doubling time (days), defined as the time required to double the number of virions per day, is given by ln(2)/g.
RCs of chimeric viruses encoding PR-RT regions. RC was assessed by using an assay modification of PhenoSense (ViroLogic). Briefly, a 1.5-kb region spanning the p7-p1-p6 cleavage sites in gag, the entire PR gene, and the first 305 residues from RT was amplified from each filtered viral supernatant and inserted into an HIV-1 vector containing a luciferase expression cassette in the env position (45) . (It should be noted that this assay requires reverse transcription and integration for the reporter signal to be generated.) Recombinant single-cycle viruses were generated upon cotransfection with a murine leukemia virus (4070A) envelope expression plasmid. Luciferase activity in infected cells was normalized for transfection efficiency between cultures and was used as a quantitative measure of infectivity (45) . Adjusted RC rates were reported and reflect the percentage of the mean RC of a panel of wild-type HIV-1 isolates (ViroLogic) (unpublished data). These same chimeric viruses were used to perform phenotypic drug resistance testing (PhenoSense; ViroLogic) (36) .
Virion-associated protein processing. Filtered viral supernatants were concentrated by ultracentrifugation (3 h, 23,586 ϫ g, 4°C). Similar amounts of viral particles, as assessed by p24 ELISA (Coulter), were separated on a sodium dodecyl sulfate-4 to 12% polyacrylamide gel (NuPage; Invitrogen, Carlsbad, Calif.), transferred to polyvinylidene difluoride membranes, and probed with mouse anti-Gag monoclonal antibodies (Coulter clone KC57). Signals were visualized by chemiluminescence (SuperSignal West; Pierce, Rockford, Ill.). The relative Gag protein distribution (p55/p24) was quantified with NIH Image software.
Sequencing analysis of the gag gene. The gag gene was sequenced bidirectionally in order to assess amino acid substitutions in the cleavage sites as well as insertions and deletions. Viral RNA was extracted from filtered viral supernatants (QIAamp viral RNA kit; Qiagen, Valencia, Calif.), and the region encoding Gag and PR was amplified by using nested RT-PCR (SuperScript one-step RT-PCR system; Invitrogen) with outer primers fph3 [5Ј-AG(A/C)TCTCTCG ACGCAGGACTCGGCTTG, positions 679 to 705 (HXB2)] and R7 (5Ј-CTGG GAAGTTCAATTAGGAATACC, positions 2810 to 2833) and inner primers Bssh1 (5Ј-TGCTGAAGCGCGCACGGCAAGAGGC, positions 704 to 728) and p2 (5Ј-CTTTTGGGCCATCCATTCCTGGC, positions 2588 to 2610). Purified PCR products were directly sequenced on an ABI sequencer (Applied Biosystems, Foster City, Calif.). Sequences were manually edited and aligned by using the DNASTAR software package and compared to the subtype B consensus gag sequence (Los Alamos HIV sequence database [http://hiv-web.lanl.gov]). To infer linkages among the 18 gag, PR, and RT sequences, phylogenetic analyses were performed with PAUP version 4.0 beta.
Statistical analysis. The Mann-Whitney test was used to compare the infectivity rates and replication kinetics of the viral variants. All P values are two sided, and a P value of Ͻ0.05 was considered significant. All statistical analyses were performed with the Prism software (version 3.0; GraphPad Software Inc.).
Nucleotide sequence accession numbers. The gag, PR, and RT nucleotide sequences of the 18 viral isolates are available under accession numbers AY206647 to AY206664 (gag) and AY261757 to AY261774 (PR and RT) in GenBank.
RESULTS

Characteristics of primary viral isolates. All 18 viral isolates were CCR5-tropic as determined by parallel infection of GHOST(3)-CXCR4 and GHOST(3)-CCR5 cells (data not shown).
The drug-resistant group comprised three MDR viral isolates (MDR1 to -3) encoding primary resistance-conferring mutations in PR and RT, three isolates (R1 to -3) with isolated mutations in RT, and three isolates (P1 to -3) with mutations exclusively located in PR ( Table 1) . The PR and RT sequences derived from the viral isolates with drug resistance-associated mutations were similar to those derived from the plasma compartment (data not shown). Furthermore, the plasma-derived viral population and the viral isolates displayed comparable levels of drug susceptibility (variation of less than 2.5-fold [data not shown]). The only exception was isolate MDR2, which displayed a higher level of resistance to zidovudine (ZDV) than was originally measured with plasma-derived cell-free viruses (plasma-derived virus, 50-fold reduced susceptibility to ZDV; isolate, 500-fold reduced susceptibility to ZDV [data not shown]). Taken together, these control experiments show that in vitro culture did not reduce the level of drug resistance.
In order to study the replication characteristics of related primary isolates encoding primary drug resistance-associated mutations, two pairs of epidemiologically linked viruses (P2-P3 [L90M in PR] and R1-R2 [K103N in RT] [ Table 1 ]) were included in the drug-resistant group. In the case of P2-P3, secondary transmission occurred during primary infection, with the linkage being confirmed by the patients' histories. In the second case, phylogenetic analysis of the PR-RT regions of R1 and R2 suggested a previously unrecognized linkage, potentially through one or more intermediates since the dates of the respective primary infections were 2 years apart. These findings were subsequently confirmed by independent sequencing of the viral isolates in which the gag, PR, and RT sequences of the pairs P2-P3 and R1-R2 formed clades distinct from the rest of the data set, with bootstrap values of 100 and small intrasample pairwise distances (data not shown).
Four isolates in the drug-susceptible group displayed single amino acid substitutions in RT that, in the context of other resistance-associated mutations, can either contribute to de-creased susceptibility towards RT inhibitors (V179D and V118I) or reflect reversion from ZDV resistance-associated mutation T215Y (e.g., 215S [12, 15] ). None of these changes are considered to confer primary resistance when identified in isolation.
Single-cycle infectivity of viral isolates with or without drug resistance. The 18 isolates were tested simultaneously in parallel infections performed in duplicate. The range of infectious titers, expressed as the percentage of GFP-positive cells 24 h after infection, represents the mean values from two or three independent experiments (mean for all isolates, 4.5; range for drug-resistant isolates, 1.2 to 13.7; range for drug-susceptible isolates, 0.6 to 5.9). The infectivity of the variants with drug resistance (mean, 6.4) was higher than that of the drug-susceptible variants (mean, 2.6; P ϭ 0.032) (Fig. 1A) . Detailed analysis of the group of drug-resistant isolates (Fig. 1B) showed that the infectivity rates of isolates MDR1, MDR2, and P1 differed significantly from those of the other drug-resistant viruses (P ϭ 0.024). In the case of the linked viruses P2 and P3, a twofold increase of infectivity was observed (2.1 for P2 versus 4.2 for P3). The two phylogenetically related nonnucleoside RT inhibitor (NNRTI)-resistant isolates yielded similar infectivity rates (4.2 for R1 versus 4.1 for R2). The lamivudineresistant isolate R3 displayed the lowest infectivity of all drugresistant isolates.
Kinetics of replication of viral isolates with or without drug resistance. We next assessed the ability of the viral isolates to undergo multiple rounds of infection in stimulated CD4 ϩ T lymphocytes. The viral growth kinetics were analyzed using a mathematical equation that allowed a precise curve fitting over a wide range of individual growth rates (see Fig. 3 ). The growth estimates were well reproduced with cells from the same donor and were further confirmed by repetition of the experiment with CD4 ϩ T lymphocytes from a different donor. Drug-resistant isolates displayed growth rates (mean, 0.61) similar to those of drug-susceptible isolates (mean, 0.45) (P ϭ 0.136) (Fig. 2A) . The growth kinetics of isolates MDR1, MDR2, and P1 (Fig. 2B) , however, were significantly higher than those of the wild-type viruses (P ϭ 0.009) or the other drug-resistant isolates (P ϭ 0.024). Analysis of the replication kinetics of the related isolates revealed that isolate P3 replicated more efficiently than P2 (approximately fourfold), whereas R1 and R2 had similar kinetics (Fig. 2B and 3) . The lamivudine-resistant isolate R3 yielded growth rates similar to those of the wild-type viruses. In summary, all isolates were able to yield productive infections in mitogen-stimulated T lymphocytes, and drug-resistant isolates replicated as efficiently and in some case more efficiently than wild-type viruses.
Virion-associated Gag processing of isolates with or without drug resistance. Western blotting of concentrated viruses was performed in order to demonstrate that the MDR and PR inhibitor (PI)-resistant isolates studied here do not display sizable Gag processing defects compared to RTI-resistant or wild-type isolates. Indeed, isolates MDR1, MDR2, MDR3, and P1 revealed no sizable processing defects despite the presence of primary mutations in PR (M46I, L90M, or V82A). The related isolates P2 and P3 (PR L90M) both yielded a small portion of unprocessed p55 (p55/p24 ratios of 0.1 and 0.2, for P2 and P3, respectively) (Fig. 4) . The most sizable processing defects within this panel of isolates were observed in two of the drug-susceptible viruses (p55/p24 ratios of 0.4 and 0.3 for WT7 and WT8, respectively). Thus, none of the 18 isolates displayed substantial processing defects as defined by Gag processing intermediates. Moreover, all six MDR and PI-resistant isolates were able to efficiently process Gag, with isolates P2 and P3 displaying minor defects.
RCs of recombinant viruses encoding the drug resistanceassociated regions. Chimeric viruses encoding the two C-terminal Gag cleavage sites, PR, and the first 305 residues of RT were constructed in order to delineate the impact of compensatory changes located beyond the drug resistance-encoding regions themselves. Chimeric viruses encoding regions with drug resistance-associated mutations yielded lower RC values than the drug-susceptible recombinants (68 versus 87%; P ϭ 0.011) (Fig. 5A) . Analysis of the group of drug-resistant chimeras showed a narrow range of RC rates (58 to 73%), except for P1 (24%) and R2 (110%) (Fig. 5B) . In contrast to the data generated by using viral isolates, the recombinant viruses MDR1, MDR2, and P1 displayed RC values similar to those of the other drug-resistant chimeras (P ϭ 0.26) (compare Fig. 1B and 5B). Although the related isolates P2 and P3 differed with respect to infectivity and replication kinetics ( Fig. 1 and 2) , the PR-RT sequences of the two viruses were found to be identical. It is therefore not surprising that the RC values of the corresponding chimeric viruses P2 and P3 were comparable (Fig. 5) .
In summary, insertion of the PR-RT regions of the drugresistant isolates into an NL4-3-based molecular background resulted in chimeras that displayed a modest but significant reduction in RC.
Patterns of amino acid substitutions in Gag of isolates with or without drug resistance. It has been shown that adaptive changes in different regions of Gag can contribute to restored replication of drug-resistant HIV-1 (9, 29, 48) . For the purpose of differentiation between viral isolates and recombinant viruses, the Gag substitutions are reported based upon their location, with the C-terminal Gag region being included in the chimeric viruses (Table 2) .
(i) Substitutions in the C-terminal Gag cleavage sites and in the p6 region. It has been reported that specific substitutions within the p7/p1 and p1/p6 Gag cleavage sites occur more frequently in patients failing PI-based regimens and that these changes can compensate for the reduced cleavage efficacy of drug-resistant PR (9, 40) . All MDR and PI-resistant isolates studied encoded changes in at least one of the two C-terminal cleavage sites (Table 2 ), but only isolate MDR2 harbored a substitution clearly associated with restored infectivity in the context of PI resistance (A431V in p7/p1). It has been proposed that the duplication of the PTAP motif in the p6 region of Gag can lead to increased infectivity and contribute to NRTI resistance (35) . We observed insertions of three to nine residues in p6 involving partial as well as complete duplication of this motif in two MDR isolates (MDR2, PAE SFP SAP; MDR3, PAP) and in two of the drug-susceptible isolates (WT3, SAP; WT4, PEP TAP). Three of the four viruses also encoded mutations in RT that directly mediate resistance to NRTIs (e.g., T215Y/F in the MDR viruses) or are consistent with previous exposure to NRTIs (T215S in WT4).
(ii) Substitutions in the N-terminal cleavage sites of Gag. Mutations within the p17/p24, p24/p2, and p2/p7 cleavage sites have previously been described to be present in both PItreated and naive patients (9) . It is therefore likely that the changes we observed within these cleavage sites of both drug- 4 . Virion-associated Gag processing of the viral isolates. Viral supernatants were concentrated by ultracentrifugation. Equivalent amounts of p24 antigen (2 ng) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes, and probed with the same mouse anti-Gag monoclonal antibody used for p24 quantification (KC57; Coulter). The ratio of uncleaved p55 to mature p24 was determined, using NIH Image software. WT, wild type (drug-susceptible isolates). * and ϩ, viral isolates that are phylogenetically related.
VOL. 77, 2003 INFECTIVITY OF DRUG-RESISTANT HIV-1 IN PRIMARY INFECTION 7741
susceptible and drug-resistant viruses represent naturally occurring polymorphisms rather than relevant compensatory changes (Table 2) . Two substitutions in the p17/p24 sites of isolates P1 and P2 may, however, have an influence on viral replication efficiency. Isolate P1 displayed high infectivity and growth rates ( Fig. 1  and 2 ), but the corresponding chimera showed low RC values (Fig. 5) . In this isolate a tyrosine (Y)3leucine (L) substitution at the C-terminal position of p17 was observed ( Table 2 ). The Gag amino acid sequences from the related PI-resistant isolates P2 and P3 differed in only one residue. At position P5 of the p17/p24 cleavage site, P2 encoded aspartic acid (D) instead of valine (V), which was seen in P3 as well as in the consensus B reference sequence (Table 2 ).
In conclusion, only one of the PI-resistant and MDR viruses encoded a known compensatory Gag cleavage site substitution. The differences in replication efficiency observed between the primary isolates and recombinant viruses encoding PR-RT and the C-terminal portion of Gag are therefore likely to be in part reflective of other compensatory mechanisms.
DISCUSSION
This study represents a comprehensive consideration of the replicative characteristics of 18 viral isolates derived from patients with primary HIV-1 infection, 9 of which encode some primary drug resistance-associated mutation in PR, RT, or both. The data described here suggest that drug-resistant HIV-1 isolates can bear adaptive mutations that allow for wild-type-level replicative function, thereby overcoming the potential defects associated with the genetic changes necessary for drug resistance.
Drug-resistant isolates displayed growth kinetics similar to those of drug-susceptible isolates in CD4 ϩ T-lymphocyte cell culture. Furthermore, the single-cycle infectivity rates of these viruses were on average higher than those of drug-susceptible viruses. Additionally, the range of infectivity and growth rate values for the drug-resistant isolates was broader than that for the drug-susceptible isolates, with the latter group representing a more homogeneous set ( Fig. 1 and 2) .
The creation of chimeric viruses proved to be a useful tool for determining the contribution of certain viral regions towards the replicative fitness of the drug-resistant isolates (39, 40, 45) . Specifically, the introduction of the C-terminal region of Gag and the PR-RT regions of the resistant viruses into an NL4-3 molecular background resulted in chimeras with lower RC values than the drug-susceptible recombinants. Moreover, the majority of chimeric viruses with drug resistance had very similar RC values within a relatively narrow range (58 to 73%).
Interestingly, three drug-resistant isolates (MDR1, MDR2, and P1) were characterized by a significantly higher level of infectivity and better growth kinetics than the remaining drug- resistant viruses and all of the drug-susceptible viruses ( Fig. 1  and 2 ). Indeed, the aforementioned differences between isolates and chimeras were most dramatic for these cases. Because the inserted regions here included the C-terminal region of Gag as well as PR and RT, we may surmise that mutations in these regions do not account for the high replication efficiency displayed by these isolates. Specifically, we can conclude that the well-characterized compensatory substitutions in the p7/p1 cleavage site and the PTAP duplication in p6 (e.g., MDR2), while they may have contributed to the restoration of fitness, were not sufficient for the high replication levels of these two MDR viruses. While further studies are needed to elucidate the viral regions essential for the observed phenotypes of MDR1 and MDR2 (e.g., the N-terminal portion of Gag or the C-terminal part of Pol or Env), we may speculate that in the case of isolate P1 the Y3L substitution in the p17/p24 cleavage site contributed to efficient replication (Table  2) . Although substitutions within this site were documented to take place under PI treatment (29) , this specific substitution is not known to be of compensatory relevance. Recent reports to the contrary (37) demonstrate that wild-type PR cleaves p17/ p24 less efficiently if Y is replaced by L in position P1 of the cleavage site. However, it is conceivable that the altered substrate specificity of drug-resistant PR (10) results in better viral maturation and consequently restores viral replication to levels observed in isolate P1. Lastly, we need to take into consideration the possibility that other regions of the viral genome of isolate P1 contribute to the observed phenotype. Also of interest was the difference in replication characteristics observed among the related resistant isolates (Fig. 1B  and 2B ). Secondary transmission of the PI-resistant isolates occurred during primary infection. Isolate P3 showed a modest, but reproducible, twofold increase in infectivity relative to isolate P2. This difference was seen to be amplified (approximately fourfold) over multiple rounds of replication in PBMC culture in comparison to the single-cycle assay performed with the GHOST cell line. The chimeric viruses encoding the PR-RT sequences of these related viral isolates displayed similar RCs, however, suggesting that the PR functions in P2 and P3 are equivalent. The reversion to the consensus B p17/p24 cleavage site amino acid sequence in P3, therefore, may contribute to the increased replication efficiency of this isolate. Alternatively, the differences in replication efficiencies of P2 and P3 may reflect the differences in the duration of infection (P2, 30 days; P3, 70 days), since it has been proposed that replication efficiency increases over the time of infection (23) . If the latter is true, the relative adaptive changes could have taken place in regions such as env, which are both highly variable and subject to the selective pressure of the immune system (14) .
The growth rates of the linked NNRTI-resistant viruses, on the other hand, remained stable after sequential transmission. The replication rates of these isolates were comparable to those of P3. The preservation of replication kinetics by transmitted NNRTI-resistant viruses observed here is not surprising, since the relevant mutations (e.g., K103N) are known to confer little RT impairment (11) .
Some have observed the persistence of transmitted drugresistant variants within a host over time (e.g., 4 to 6 months) (3, 7), which might suggest intrinsic fitness. These results are in agreement with reports that some MDR isolates replicate to high levels both in vitro (3) and in vivo (22) . We must consider, however, the likely homogeneity of the original inocula in these cases. In the setting of an emergent drug-resistant viral variant in chronic disease, for example, it is seen that discontinuation of antiretroviral treatment results in a rapid overgrowth by wild-type viruses. This suggests that these drugresistant viruses are "fit" only in the presence of their respective drug pressures. The persistence of transmitted drugresistant virus within a new host, therefore, may simply reflect an absence of competition.
Furthermore, in vitro observation may misrepresent the in vivo case. Indeed, a high level of replication in PBMC does not necessarily imply similar kinetics in other cell populations. Some PI-resistant viruses, for example, replicate well in PBMC but show profound replication defects in thymocytes (43) . Thus, it may be that the lower virological set point observed in patients infected with MDR viruses does not reflect a poor viral replication potential in general; rather, these viruses may simply be selectively incapable of replicating efficiently in certain cell populations (e.g., thymocytes) and therefore are less generally pathogenic to the host. It is important, however, to emphasize that our data are based on isolates derived from PBMC collected within 10 to 79 days (median, 21 days) after the onset of symptoms. The virus populations were sampled before being subjected to a number of immunological and host cell-associated constraints (24), but we cannot exclude the possibility that the viral characteristics analyzed in this study reflect but a snapshot of the viral replicative potential before the development of a mature HIV-1-specific immune response.
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In conclusion, these findings indicate that the biological characteristics of newly transmitted viruses are similar, irrespective of the presence or absence of drug resistance-associated mutations. The specific compensatory mechanisms used to overcome defects imposed by primary drug resistance-associated mutations in PR and RT are likely to be complex and probably reflect an interplay between different viral regions. Elucidating how transmitted drug-resistant viruses regain infective potency can lead to the identification of new therapeutic targets which may someday allow us to prevent the emergence of such otherwise intractable variants.
